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Introduction
As a promising material for plasma-facing components in future magnetic confinement fusion (MCF) reactors, tungsten is gaining great interesting in both theoretical and applied atomic physics [1] .In order for the plasma-facing components to withstand the high particle and power load produced by particles escaping from magnetic confinement, tungsten is projected to be the wall material of choice because of its favorable properties of tungsten, such as low sputtering yield, high-energy threshold of sputtering, low tritium retention, high re-deposition efficiency and F o r R e v i e w O n l y excellent thermal properties [2, 3] .Due to high Z (Z=74), tungsten ions penetrating into the plasma will not be fully stripped even in the hot core. Many different ionization stages will contribute to a measured spectrum. Accurate and abundant atomic data are needed to develop diagnostics for plasma parameters [4] . The data include wavelengths, transition probabilities and oscillator strengths for a large range of charge states of tungsten.
However, atomic data of high-Z ions are scarce and elaborate to produce, because of the high computational effort needed to perform calculations for these ions as well as more pronounced relativistic effects [5] . Present-day magnetic confinement experiments have core temperatures of a few KeV, where tungsten ionizes to M-shell charge states [6, 16] . Between approximately 10 and 60 Å the strongest tungsten emission is expected to be due to n=3 to n=3 transitions in the M-shell ions [7, 8] . In recent years, much progress in the investigation of atomic data in tungsten ions has been made [9] . An extensive review and critical compilation of experimental data on highly-ionized tungsten was made by Kramida et al. [10] . Biedermann et al. [3] investigated the soft x-ray lines at 0.56nm from Cu-like W 45+ to V-like W 50+ ions originating from 3d-4f transitions, which also are observed in the high-temperature core plasma of the ASDEX Upgrade tokamak. Pütterich et al. [5] observed and analyzed the spectra of Mn-like W 49+ through Br-like W 39+ in the regions 5-8 Å,
around 50 Å, and between 100 and 300 Å. Ralchenko et al. [11] reported the measurements and analysis of extreme ultraviolet (EUV) spectra (4-20 nm) of Ca-like W 54+ to Na-like W 63+ obtained with an EBIT. Ralchenko et al. [12] also measured the extreme ultraviolet spectra between 10 and 25 nm from highly charged ions of
tungsten with an open 3d shell in Co-like W 47+ through K-like W
55+
.Using a microcalorimeter spectrometer at the LLNL SuperEBIT facility, Clementson et al. [13] investigated the spectra of Zn-like W 44+ through Co-like W 47+ in the wide soft X-ray region between 3 and 12 Å. Clementson et al. [14] , and W 4+ (Be-, B-, Mg-, Al-, Ca-, Zn-, Ag-, and Yb-like). Clementson et al. [16] used the Flexible Atomic Code to calculated the atomic structure and spectra of Ge-like W 42+ through V-like W 51+ , including energy levels, radiative lifetimes, spectral line positions, transition probability rates, and oscillator strengths. Using the multi-configuration Dirac-Fock (MCDF), Aggarwal et al. [17, 18] . Hu et al. [19] presented a theoretical study of atomic characteristics of ten tungsten ions (Li-, Be-, B-, Na-, Mg-, Al-, Cu-, Zn-, Ga-and Ag-like) in a broad range of wavelengths, energy levels and transition probabilities. Lennartsson et al. [20] reported spectra and measured wavelengths of intrashell n=3 transitions in highly charged tungsten ions with partially filled 3p and 3d valence shells, Al-like W
61+
through Fe-like W
48+
.
However, for the tungsten ions with partially filled 3p and 3dsubshells, the correlation effects dominate most of the remaining uncertainty in atomic calculations [21, 22] , and currently there is no systematic and complete atomic dataset about these tungsten ions.
In this work, we use the extended relativistic MCDF method to calculate the energy levels of M-shell excited states in Al-like W 61+ through Cl-like W
57+
, with partially filled 3p subshell, taking the QED effect and Breit correction into account. In the calculations, the General-Purpose Relativistic Atomic Structure Program 2 (GRASP 2 ) was used. We compare the calculated energy levels from this method with some available theoretical and experimental results, and a good agreement was obtained. Finally, we provide a dataset of M-shell transitions including wavelengths, electron transition probabilities and oscillator strengths in Al-like W 61+ through
Cl-like W 57+ (Al-, Si-, P-, S-, and Cl-like tungsten ions).
Theoretical method
In a general way, in calculations of the highly ionized atoms, the relativistic effect and QED effect must be taken into consideration, because the velocity of electrons is fast and the nuclear potential energy is very strong. In this work, we use GRASP 2 basing on the fully relativistic MCDF method, which is a version of GRASP al. [24, 25] and improved by Dyall and coworkers [26] . Considering convergence and time-consuming issue of the optimal level，the computations were done with the extended average level option. The relevant configurations considered in calculations of Al-, Si-, P-, S-, and Cl-like tungsten ions, are illustrated in detail in section 3.2. In multi-electron system, the configuration correlation effect is a very important factor that influences the computational accuracy. Previously, our research team proved that when the number of valence electrons is not less than three, taking valance-valance (VV) correlation into account is appropriate [27] . Therefore, in the present calculation, VV correlation is adopted.
Here we give a brief outline of the multiconguration Dirac-Fock (MCDF) method.
In the MCDF method, the dominant interactions in an N-electrons atom or ion are included in the Dirac-Coulomb Hamiltonian ), the atom spontaneously decays from β state transition to α state, the transition probability [28] According to the irreducible tensor theory, the above equation can be written as
Then, the oscillator strength is defined as 
Results and discussion

Energy levels
We have compared the present calculated energy levels with some available theoretical and experimental results. At the same time, for each energy level, we provide the percentage of the dominant configuration in the level compositions. In Table 1 , the calculated energy levels of some M-shell excited states for Al-like through Cl-like tungsten ions are listed along with those from the NIST database [28] and other published works [10, 15, 17, 30] . All energy levels in Table 1 are given in units of eV. The energy levels calculated by Safranova et al. [15] 
Wavelengths, transition probabilities and oscillator strengths
The configuration state functions used in the calculations are listed in Table 2 . In addition, the number of fine-structure levels produced and the total number of E1 transitions are also listed in Table 2 . Table A4 and Table A5, respectively.
Conclusions
In this paper, we calculate the energy levels of M-shell excited states (∆n=0,1,2) in 
